Objectives-Receptor for advanced glycation end products (RAGE) expressed on adipocytes and immune cells can bind to ligand N ε -(carboxymethyl)-lysine (CML) and trigger dysregulation of adipokines and chronic inflammation. Soluble RAGE (sRAGE) mitigates the detrimental effect of RAGE. We examined the associations between circulating levels of CML-AGE and sRAGE and colorectal cancer (CRC).
Introduction
Colorectal cancer (CRC) is a leading cause of cancer-related deaths in men and women in most industrialized countries. Insulin resistance, excessive adiposity, and chronic inflammation are interrelated mechanisms contributing to CRC development [1] . Receptor for advanced glycation end-products (RAGE) can bind to advanced glycation end-products (AGEs) and trigger dysregulation of adipokines and chronic inflammation.
Advanced Glycation End products (AGEs) are heterogeneous compounds formed irreversibly via non-enzymatic glycation and oxidation reactions between reducing sugars (e.g., glucose and fructose) and free amino acid groups on lipids, proteins and nucleotides endogenously as byproducts of normal metabolism [4, 5] , or exogenously during high temperature cooking practice and from tobacco smoke [2, 3] . High consumption of red meat, which is a rich source of AGEs, has been associated with increased CRC risk [1] . The principal mechanism by which AGEs exert their biological function is through interacting with the full-length multi-ligand RAGE (AGER in HUGO nomenclature), which is present on adipocytes, immune, epithelial, and endothelial cells [6, 7] .Under normal physiological states, RAGE is expressed at a low level. However, under pathological stress, upregulation of the RAGE gene is observed in companion with the accumulation of its ligands [8, 9] . The interaction between RAGE and its ligand results in downstream activation of the proinflammatory transcription factor NF-κB [ 11 ,12] , and has been shown to contribute to insulin resistance and chronic inflammation [9, [13] [14] [15] . N ε -(carboxymethyl)-lysine (CML)-AGE is one of RAGE ligands and the best characterized AGEs [10] . In addition, accumulation of CML-AGE in the adipose tissue has been shown to contribute to dysregulation of adipokines [16] . A previous study found moderate-to-strong expression of CML-AGE in colon adenocarcinoma tissues [ 17 ] . There is also experimental evidence for the involvement of the AGEs/RAGE axis in colon inflammation and tumorigenesis [ 18 -22 ] .
Soluble RAGE (sRAGE) includes a C-truncated endogenous secretory isoform of RAGE (esRAGE); as well as cleavage forms of esRAGE and membrane-bound full-length RAGE [23, 24] . sRAGE binds to RAGE ligands without triggering a signaling cascade because it has no transmembrane and intracellular domains. Therefore, sRAGE may be an endogenous factor that protects against AGEs/RAGE-mediated events [25, 26] .
We proposed that the AGEs/RAGE axis contributes the biological connection between environmental risk factors (such as red meats) and suggestive etiological mechanisms for CRC [12, 31] . In this prospective study, we examined the associations between prediagnostic levels of CML-AGE and sRAGE and risk of subsequent development of CRC in the Women's Health Initiative Observational Study (WHI-OS). We hypothesized that higher baseline levels of CML-AGE and lower levels of sRAGE would be associated with an increased CRC risk, and that the association would differ according to baseline levels of BMI status, insulin and C-reactive protein (CRP).
Materials and methods

Study population
The WHI-OS is a longitudinal cohort of 93,676 postmenopausal women aged 50-79 years who were recruited at 40 different clinical centers across the United States between October 1, 1993 and December 31, 1998 [ 32 ] . The present study was based on a case-cohort study population used for previous studies of CRC within the WHI-OS [ 33 ,34] . A case of incident CRC was defined and adjudicated according to International Classification of Diseases for Oncology site codes 153.0-153.4, 153.6-153.9, and 154.0-154.1. Study subjects were excluded if they were diagnosed with CRC or censored in the first year of follow-up; had taken diabetes treatment at baseline; or had a history of cancer of colon-rectum, breast, or endometrium. We identified 496 women who developed primary CRC with follow-up through February 29, 2004 . A subcohort of 892 women was randomly selected from women who did not develop cancer as of February 29, 2014 [33] . The study protocol was approved by Institutional Review Board of each participating clinical center of the WHI, Baylor College of Medicine, and Michael E. DeBakey VA Medical Center (MED-VAMC).
Data and bio-specimen collection at baseline
At enrollment, women in the WHI-OS provided informed consent and completed questionnaires regarding demographic and lifestyle/behavioral factors, family history of cancer and medication use. They also completed a validated food frequency questionnaire on food consumption during the prior three months from which daily average nutrient consumption was computed as described elsewhere [ 35 ] . Trained WHI staff measured waist and hip circumference, height, and weight. BMI (weight (kg)/height (m) 2 ) and waist to hip ratio (WHR) variables were calculated. At baseline, blood samples were obtained following an overnight fast of at least 12 h and stored at −70°C. Because the plasma/serum samples have been used to test biomarkers previously, all samples have gone through one freeze-thaw cycle, except for one plasma sample that went through two freeze-thaw cycles.
Measurement of circulating levels of CML-AGE, sRAGE, and other biomarkers
Citrate-plasma was used for measuring CML-AGE using a commercially available ELISA kit (Microcoat Biotechnologie Company, Bernried, Germany). Serum or EDTA-plasma was used for measuring sRAGE using human sRAGE Quantikine ELISA kit (R&D System Inc., Minneapolis, MN). Randomly ordered case and subcohort sample were run together in each batch (96-well plate). A 10% quality control (QC) sample provided by the WHI clinical coordinating center was also randomly placed on each plate. The laboratory personnel who performed the ELISA assay were blinded to QC and case-subcohort status. All samples were assayed in duplicate by the same personnel using kits with the same lot number.
Among 496 cases and 892 subcohort members, we included 442 cases and 800 subcohort members for CML-AGE testing and 318 cases and 638 subcohort members for sRAGE testing due to the use of residual samples from other studies. We included 396 cases and 706 subcohort members in the analysis of CML-AGE after excluding unreliable measurement points as determined by intraplate coefficient of variation (CV) >12%. Data on insulin, adipokines (adiponectin and leptin) and CRP were available for 457 cases and 841 subcohort member as part of earlier studies [33, 34] .
Statistical analysis
Untransformed CML-AGE and sRAGE levels were summarized by presenting their median values and interquartile ranges. The reproducibility of the lab assay was evaluated using intra-plate and inter-plate CV, and interclass correlation coefficient (ICC) based on the data of the QC samples. We examined the distribution of multiple factors across quartiles of CML-AGE and sRAGE using the Wilcoxon rank sum test or the ANOVA test for continuous variables and Pearson's χ 2 test for categorical variables. We examined the correlation between CML-AGE and sRAGE and exposure variables using non-parametric Spearman's rank correlation analysis.
In this case-cohort study, the survival time was censored at the time of diagnosis for CRC, date of death, or February 29, 2004 , whichever came first. We used Cox proportional hazards regression model to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for the association of incident CRC with CML-AGE or sRAGE. We calculated biomarker quartile cut-points according to their distributions in the subcohort, and assessed risk estimates for trend using a Wald test by treating the categories as the ordinal variable. All Cox models were computed with robust variance estimation in order to account for the case-cohort design [36, 37] . We tested whether all models met the proportional hazard assumption using a published method [ 38 ] . Non-linearity using sRAGE as a continuous variable in predicting CRC risk was tested by restricted cubic spline regression [ 39 ] .
Confounding factors were those associated with both CRC and CML-AGE or sRAGE (P value <0.25 in univariate analysis) or if their inclusion changed the risk estimates by more than 10%, which included age, physical activity (metabolic equivalent of task (MET)-hour/ week), energy intake, alcohol use (serving per week), consumptions of saturated fat, available carbohydrate, calcium, total folate, red meat, and waist circumference as continuous variables; and race/ethnicity, smoking status and hormone replacement therapy (categorized as never, former, and current), family history of colorectal cancer, self-reported type 2 diabetes, hypertension, and use of NSAIDs (yes versus no) as categorical variables.
All adiposity measures were individually associated with both CRC and sRAGE and CML-AGE. However, given multi-collinearity we were unable to include all three. We therefore conservatively included waist circumference in the multivariate model because this variable attenuated the sRAGE risk estimate the most compared to BMI and WHR. Although we excluded women with self-reported treated type 2 diabetes, there were 20 women with selfreported untreated type 2 diabetes. This variable (yes versus no) was included in the model.
Freeze-thaw cycle of the samples was evaluated as an additional confounding factor but did not change the risk estimate. Furthermore, certain medications including statins have been shown to increase sRAGE levels by increasing RAGE shedding in animal models [ 40 ] as well as in human [ 41 ] . However, in this study, we did not find statin use (yes versus no) confounded the association between sRAGE and CRC. Diet and food variables were energyadjusted using the density method. Levels of sRAGE (for CML-AGE) or CML-AGE (for sRAGE), insulin, adiponectin, and CRP were included additionally. We draw final conclusions based on the fully adjusted HRs.
We performed stratified analyses by three a priori variables: baseline BMI (<25 versus ≥25 kg/m 2 ), insulin and CRP (median among subcohort as cut-off point). The statistical significance of the interactions was tested using a Wald test on the cross-product interaction term introduced into the multivariable Cox model. To further examine the relation between CML-AGE or sRAGE and insulin, we examined whether adjustment for CML-AGE or sRAGE changed the association between insulin and risk of CRC, and vice versa. Because sRAGE levels were higher when serum samples were used as the testing material compared with when EDTA-plasma samples were used (1630 pg/ml among 410 subcohort members using serum versus 1505 pg/ml among 228 subcohort members using EDTA-plasma, P = 0.02), in a sensitivity analysis, we also generated sample-type specific quartiles to estimate the risk. We also excluded data generated using the EDTA-plasma to examine the association between sRAGE and risk of pancreatic cancer. In addition, we performed sensitivity analyses in those who had been followed up for no less than five year in risk association analysis for sRAGE. Finally, because of the potential biological interaction between CML-AGE and sRAGE, we generated the mutually adjusted CML-AGE or sRAGE value using the residual method [ 42 ] and we performed sensitivity analyses by using these mutually adjusted values as the exposure variables for risk estimates.
All statistical analyses were performed using SAS 9.1 (SAS institute Inc., Cary, NC). All tests were two-sided with P-values < 0.05 indicative of statistical significance.
Results
Baseline characteristics and QC data
General characteristics of the cases versus non-cases were previously reported [ 33 ,34] (Supplemental Table 1 ). The HR was 1.49 (95% CI: 1.08-2.08) for BMI ≥ 25 kg/m 2 compared with BMI < 25 kg/m 2 after adjusting for age, race, smoking status, energy intake, physical activity, alcohol intake and family history of cancer. The baseline level of CML-AGE was significantly lower in cases than in the non-cases (P = 0.04). Table 1 shows general characteristics of the subcohort according to quartile (Q) of CML-AGE or sRAGE. Women with higher CML-AGE or sRAGE levels were more likely to be non-Hispanic white. Both CML-AGE and sRAGE were significantly inversely associated with BMI, waist circumference, WHR, and insulin levels, while positively associated with adiponectin. CML-AGE was positively associated with sRAGE and total fiber intake, but was inversely associated with red meat intake. sRAGE was positively associated with NSAIDs use and calcium intake, but inversely associated with hypertension, alcohol consumption, and CRP level (P values < 0.05). Similarly, among the subcohort members, CML-AGE and sRAGE were inversely correlated with BMI, insulin and CRP, but positively correlated with adiponectin (P values < 0.0001) ( Table 2) .
Using the blinded QC data (28 pairs for sRAGE and 26 pairs for CML-AGE), we calculated the inter-plate CV and ICC for both markers. The interplate CV was 7.85% for sRAGE and was 14.8% for CML-AGE. The ICC was 94.5% for sRAGE and 67.0% for CML-AGE.
Main effect
In univariate analyses, post-menopausal women with higher levels of CML-AGE were significantly less likely to develop CRC, although the significant association was not found in multivariable analyses (Table 3) . For sRAGE, women in the 2nd quartile of baseline levels of sRAGE had significantly reduced CRC risk (HRadj Q2 versus Q1 = 0.52, 95% CI: 0.30-0.92) in multivariate models, although a dose-response pattern for the association was not observed (P for trend = 0.90). However, the test of non-linearity of continuous sRAGE in predicting risk of CRC via spline regression did not reject the linearity hypothesis (P = 0.18). Table 4 shows that there were no significant interactions of CML-AGE by BMI, insulin and CRP levels. Table 5 shows the results for stratified analysis of sRAGE and CRC risk according to BMI, insulin, and CRP. There was a significant inverse association between the highest levels of sRAGE and CRC among women with BMI ≥ 25 kg/m 2 , but this inverse association was not seen among women with BMI < 25 kg/m 2 (P value for interaction 0.01). The interaction with insulin and CRP was not statistically significant.
Effect modification and sensitivity analysis
The sensitivity analyses using the mutually adjusted values of CML-AGE and sRAGE for modeling (Supplemental Table 2 ) showed similar findings to the main analyses. An interaction effect by BMI was also observed (Supplemental Table 3 ). Using the sample-type specific cutoff points for sRAGE, we observed the same trend of the association between sRAGE and pancreatic cancer risk. The multivariable HR was 0.64 (95% CI: 0.38-1.09), 0.81 (95% CI: 0.47-1.40), and 0.81 (0.46-1.41 ) for the second, third, and fourth quartile, respectively, compared with the first quartile (P trend = 0.59) (Model 5 in Table 2 ). After excluding data from 205 cases and 410 subcohort members with EDTA plasma determined sRAGE, the HRs were 0.99 (95% CI 0.52-1.02), 0.85 (95% CI: 0.42-1.70), and 0.85 (95% CI: 0.43-1.71) for the second, third, and fourth quartile compared with the first quartile (P trend = 0.58), respectively. In addition, the interaction effect of sRAGE* BMI in our sensitivity analysis was similar to the main analysis. Among the study subjects with BMI ≥ 25 kg/m 2 , the HR for CRC was 0.96 (95% CI: 0.40-2.30), 0.90 (95% CI: 0.34-2.38), and 0.43 (0.14-1.32) for the second, third, and fourth quartile, respectively, compared with the first quartile of sRAGE (P trend = 0.19). When we limited the analysis among those who were followed up for ≥5 years (median follow-up 6.2 years), we found a stronger association between sRAGE and CRC. The HR was 0.51 (95% CI 0.18-1.43), 1.36 (95% CI: 0.52-3.59), and 0.50 (95% CI: 0.15-1.58) for the second, third and fourth quartile of sRAGE compared with the lowest quartile.
Finally, we found that higher levels of insulin were associated with significantly increased CRC risk in our cohort (HRadj Q4 versus Q1 : 1.64 (95% CI: 1.09-2.48)). Further adjustment for either CML-AGE or sRAGE changed the HRs by less than 10% (e.g., HRadj Q4 versus Q1 : 1.56, 95% CI: 1.02-2.38 for CML-AGE adjustment and HR adj Q4 versus Q1 : 1.53, 95% CI: 0.94-2.50 for sRAGE adjustment, respectively).
Discussion
In this prospective case-cohort study of postmenopausal women, we did not observe a significant association between baseline circulating CML-AGE and sRAGE levels and CRC risk. We found an inverse association between pre-diagnostic sRAGE levels and the subsequent risk of incident CRC in women with BMI ≥ 25 kg/m 2 , independent of insulin levels and CRP. There was no inverse association between sRAGE and CRC in women with normal BMI. sRAGE is a decoy receptor for RAGE ligands, including CML-AGE, pro-inflammatory high mobility group Box 1 (HMGB1) and S100 family proteins, all of which have been implicated in colorectal carcinogenesis [43, 44] . In animal models, one study found that high-fat feeding induced expression of two RAGE ligands, HMGB1 and CML-AGE, in the liver and adipose tissue. Deficiency of RAGE or administration of sRAGE partially blocked the high-fat-diet induced inflammation and weight gain [45] . Circulating levels of sRAGE have been inversely associated with CRP levels and BMI [ 27 ,28] . Our previous studies on sRAGE in men found a significant inverse association with the risk of developing CRC [ 29 ] and colorectal adenomas [ 30 ] . Our present findings were in line with these observations and implied that higher circulating levels of sRAGE may confer a stronger protective effect against CRC in women with BMI ≥25 kg/m 2 . The crosstalk between RAGE and adiposity has been demonstrated in progression of atherosclerosis in an apoE/RAGE knock-out mouse study [ 46 ] . Endogenous secretory RAGE has been associated with platelet activation and oxidative stress among obese women [ 47 ] . Platelet count and activation have also been implicated in CRC development [ 48 ] . Further understanding of the RAGE-ligand interaction in the tissue microenvironment, as well as the production of sRAGE under inflammatory or obese conditions, may aid interpretation of our study findings.
Our study found circulating CML-AGE was positively correlated with adiponectin, and inversely correlated with indices of excessive adiposity and insulin. This finding was consistent with other studies conducted in children or healthy adults [ 49 ,50] , but was in contrast to the reported positive association between CML-AGE and insulin resistance and chronic inflammatory diseases [51,52] including incident cardiovascular risk both in type 2 diabetics [ 53 ] and in healthy older adults [ 54 ] . It is unknown whether this discrepancy was due to different study populations in terms of age, sex, or chronic disease status. Several recent studies examined the involvement of the AGEs/RAGE axis in adiposity [46, 55, 56 ]. An animal study showed that CML-AGE accumulation in conjunction with increased expression of RAGE in adipose tissue contributes to the dysregulation of adipokines in obesity and insulin resistance [ 16 ] . RAGE-mediated trapping of CML-AGE in the adipose tissue may explain decreased plasma levels of CML in obese subjects [ 16 ] and hence our study finding. However, we did not observe a significant interaction between CML-AGE and BMI on CRC risk in our study. Because levels of CML-AGE have also been shown to be modulated by its receptors, including galectin 3, macrophage scavenger receptor [57], AGER-1 and sirtuin 1 [58], its full impact at the tissue level may need to be considered in the context of its receptors.
We observed an overall trend of an inverse association between sRAGE and CRC which was also observed for CRC in the ATBC Finnish male smoker cohorts [ 29 ] . However, some discrepancies were also noted. For example, we did not find an association between CML-AGE and CRC in the present study in contrast to the ATBC Study. The source of AGEs was different in these two cohorts in that the study subjects in the ATBC Study might have been exposed to both tobacco AGEs and dietary AGEs. In the WHI, only 6% of the women were current smokers and diet may have been the major source of AGEs. However, compared with the ATBC Study, women in the WHI cohort had slightly higher levels of CML-AGE (561 ng/ml in ATBC versus 586 ng/ml in WHI, median), and much higher levels of sRAGE (572 pg/ml in ATBC versus 1463 pg/ml in WHI, median) although the same type of ELISA assay kits were used in two studies. Due to the observed higher levels of sRAGE in women than men, it is unknown whether the harmful effect of CML-AGE was offset by higher sRAGE in the WHI Study. In addition, unlike the present study, there was no interaction between sRAGE and BMI in the ATBC Study. While nearly 70% had a BMI greater than 25 kg/m 2 in the WHI Study, the Finnish male smokers were generally lean. The narrow and lean range of BMI in the ATBC Study might explain the absent interaction between CML-AGE/sRAGE and BMI. Collectively, our observations indicated that the effect of CML-AGE and sRAGE on CRC risk may depend on exposure characteristics such as BMI and smoking. However, additional research is needed to further elucidate potential gender differences (such as sex hormones) in these associations.
Our study had several limitations. First, we used previously thawed biological samples from prior case-cohort studies. Nevertheless, the study samples went through the same freezethaw cycles. Moreover, the adjustment for freeze-thaw cycle did not materially change risk estimates. For CML-AGE, the steps of sample dilution and proteinase K digestion introduced variability resulting in the need to exclude data from 140 participants. However, the characteristics of these 140 participants were not different from the rest of the study subjects used in data analysis. We used both serum and EDTA plasma in measuring sRAGE. Measurement errors due to the sample resource could have compromised the accuracy of the data. However, the sensitivity analysis showed the same trend of association as the main finding we reported. Second, the association between sRAGE levels and CRC risk was not linear, which complicates the potential dose-response based support of causality or effect mediation. Research in additional cohorts is necessary to help further refine understanding of biological interaction between sRAGE and the host system. For example, sRAGE levels could have been affected by polymorphisms of RAGE (AGER) [ 59 ,60] . Genetic background should be considered in future studies. Finally, we performed multiple stratified analyses to explore the plausible association between CML-AGE/sRAGE, adiposity, insulin and CRP. We did not exclude the possibility of a false positive finding based on the limited sample size. The observed interaction effect between sRAGE and BMI needs to be interpreted with caution especially in the absence of dose-response seen for sRAGE among women with higher BMI.
Conclusions
We report a novel finding suggesting the involvement of sRAGE in obesity-related CRC in post-menopausal women. The balance between the synthesis of anti-inflammatory sRAGE and pro-inflammatory RAGE ligands may be an important determinant of RAGE mediated reactions. Further studies with larger sample size are needed to elucidate the inter-related mechanisms among adiposity, insulin resistance, chronic inflammation, and RAGE-ligand axis in diverse populations. Broadly, our research may have implications concerning the role of pattern recognition receptors such as RAGE in fostering an inflammatory tumor microenvironment in the development of CRC.
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